Master oscillator power amplifier (MOPA) is becoming the obvious choice in order to develop some high power single frequency laser sources. Its simplicity, reliability, robustness have already allowed the demonstration of some tremendous increase of the output power. In this paper we will report our latest results in the development of high power single frequency, single mode and single polarization MOPA systems. We were able to obtain an output power as higher as 500 W with still keeping the narrow linewidth proprieties of the source.
INTRODUCTION
In the recent years some tremendous progresses have been made to scale up the output power of fiber laser to the point where fiber laser technology is becoming a serious competitor to the solid-state lasers in most of the industrial applications. Nowadays single mode Ytterbium (Yb) doped fiber lasers with an output power of 2kW [1] are commercially available and some 5kW systems are a reality in the laboratory environment. Unfortunately the scaling of laser systems up to increasingly higher power levels is limited by some nonlinear effects like Raman which degrade the laser efficiency or the thermo-optics effect which degrade the beam quality. Even if the fiber laser technology is able to overcome these problems to a certain degree, it is desirable to increase the system power levels beyond what is possible with a single fiber laser.
A fair amount of research also focused on the development of high power single frequency laser systems. The motivation for such of work rely on the linewidth that it is possible to achieve with these systems, typically from sub-kHz up to some couple of MHz. Such narrow linewidth means the optical power is concentrated into a narrow spectral rand and these lasers exhibit a very long coherence length. These two particular characteristics of these laser lead to some useful applications such as the high resolution interferometry for the detection of the gravitational wave but also the wavelength conversion. The field of the optical communication could also do a good use of these lasers for coherent communication or LIDAR applications. However the main interest of some high power single frequency laser systems is the power scale-up of the fibre lasers using the beam combination technique [2] . The idea behind the beam combination is to several laser high power fiber laser and combine them using an interferometric process in order to obtain an intense beam with an output power which exceeds the output power limit of a single fiber laser. Because the beam combination relies on an interferometric process each individual laser needs to be single mode, single frequency and single polarization in order to produce an efficient interference when combined together.
In this paper we will describe the recent progresses which have been made in the development of a 1kW single mode, single frequency and single polarization high power laser source. In order to reach this level of output power the easiest and only laser configuration which can be considered is a Master Oscillator Power Amplifier (MOPA). The part of this paper will be dedicated to the description of the experimental setup. We will separately describe the pre-amplification unit and the power amplifier. We will then focus on the experimental results, which will lead to a discussion. 
EXPERIMENTAL SET-UP
As mentioned previously the only laser configuration which is able to reach a kW output power level and maintain the narrow linewidth characteristic of the emission is a MOPA. Usually a MOPA system is divided in two parts, the preamplification unit which amplifier the signal from a narrow linewidth laser seed (mW output power) to tens of watts of output power. Finally a power amplifier amplifies the output power of the pre-amplification unit to the desired power level. By splitting the MOPA system in two parts we have the opportunity to carefully design each amplifier to obtain the best proprieties from each of them.
Pre-amplification unit
The pre-amplification unit is composed of four different stages as shown at figure 1. First of all we have a Polarization Maintaining (PM) fiber DFB laser which is going to be use as a seed for the MOPA. The output power of this seed is 7 mW and its linewidth lower than 5 kHz. This seed laser is protected from any optical feedback by splicing a PM isolator. This send stage is following by a 300 mW class amplifier which is based on a commercially available 8 meters long Ytterbium (Yb) doped doubled cladding fibre pumped in a co-propagation by a 8W multimode pump diode at 915 nm. Again in order to avoid any optical feedback damaging the amplifier two PM optical isolators have been spliced right after the amplifier. This stage is then duplicated in order to amplify the signal up to two watts. The only difference between the 300 mW and 2 W class amplifier is the pumping configuration. We used a contra-propagation pumping scheme for the 2W class amplifier in order to avoid Stimulated Brillouin Scattering (SBS). Finally the pre-amplification unit is completed with a 30 W class amplifier which also used a 6 meters long commercially available Yb doped double cladding fiber. This fiber is pumped in contra-propagation by three 40W pump diodes at 976 nm. By using three amplifier stages for the pre-amplification unit we were able to keep the gain at a low level (lower than 15 dB) in order to prevent the build up of pulse burst or instabilities. This pre-amplification unit was able to deliver 25 W of output power, SBS free and emit in a truly Continuous Wave (CW) regime. We measured a M 2 of 1.1 which indicate that the output beam is single mode and the laser linewidth was lower than 60 kHz which was the resolution limit of our homodyne measurement system. The Polarization Extinction Ration (PER) was better than 18 dB which is a clear indication regarding the single polarization propriety of this laser.
Power amplifier
In order to be able the kW target the signal at the output of the pre-amplification unit need to be amplifies by a power amplifier. The experimental set-up of this amplifier is shown at figure 2. 
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We opted for a free space arrangement for the power amplifier mainly for two reasons. First of all we expected to test a certain number of fibres and then the free space configuration means for sense regarding its simplicity. Finally the use of pump combiners is known to be highly risky for the pump diode. An efficient method to protect the pump diodes from any feedback and especially from optical pulses is to include some dichroic mirrors into the launching path of the pump power which can be done only in a free space configuration. The power amplifier is composed of a high power isolator in order to protect the pre-amplification unit from any optical feedback. The set-up also includes some dichroic mirror and beam splitter in order to monitor the residual pump and the SBS. The amplifying gain is an Yb doped double cladding fiber which is pumped in contra-direction by a stack of 3.3 kW of pump diode at 976 nm.
EXPERIMENTAL RESULTS AND DISCUSSION
We tested three fibres in order to evaluate the impact of their design parameters on the system performance. The fibres parameters are summarized in table1. We used two non PM fiber and one PANDA type PM fiber. The PM fibre had the smallest core and cladding diameter 25 µm and 380 µm respectively. Because the core, cladding area ratio is also the smallest, this fiber had the higher absorption at 976 nm which lead to the shortest device length (6.5 meters). The two non PM fibres had similar core and cladding diameter. The absorption of these two fibers was adjusted by changing the concentration of the ytterbium ions. The non PM YDF I fibre had the highest absorption but also the longest device length in other hand the non-PM YDF II fibre had the smallest absorption and the same device length than the PM fibre. The three fibres have been use as the amplifying gain for the power amplifier and the measured forward output power versus the launched pump power is shown in figure 3 . Using the Pm fibre, were able to obtain a high power single frequency laser system. The measured M 2 was better to 1.1, which is a characteristic of a single mode operation, and the laser linewidth was lower that the limit resolution of our heterodyne measurement setup (60 kHz). We also measured a PER of 16 dB, which clearly indicate that the laser field oscillates along a single polarization. The output power was higher than 400 W and was pump limited. Indeed because of the diameter of the inner cladding of the fiber, we were not able to launch more pump power without having some problem with fibre end facet damages. The use of the non-PM YDF I allows us to increase the output power up to 500 W without fibre end facet damage thanks to a bigger inner cladding diameter. Unfortunately we also observed a degradation of the beam quality (measured M 2 of 1.6) which indicates that not only the fibre fundamental mode participate to the build-up of the output beam. Because the core diameter of this fiber was bigger than the PM one, the fibre was not single more anymore and even if a special care was taken to the launching condition of the signal, a single mode operation of the power amplifier was impossible to obtain. The single frequency was still achieved with a laser linewidth lower than the resolution limit of the measurement system. Both configurations, non-PM YDF I and YDF II were SBS limited as I can been notice on figure 4 which shows the backscattered power versus the signal power. When the PM fibre was use, the backscattered power grew up linearly which is a characteristic of the absence of Brillouin scattering into the power amplifier. Once the PM fibre were replaced by both non-PM YDF fibre, the backscattering power grew up exponentially which is a clear indication that some signal power was scattering trough some Brillouin effect. In order to be able to extract more output power from the MOPA some technique to reduce the contribution of the SBS will need to be applied. The easiest one will be to broad the seed laser linewidth which will lead to a degradation of the linewidth of the MOPA system. We could also apply a longitudinal non-uniformity of the material composition using stress, temperature or by varying the fiber diameters, which will lead to a broadening of the Brillouin, gain linewidth and thus a reduction of its contribution.
CONCLUSION
In this paper we presented our latest progresses in the development of high power narrow linewidth MOPA system. We obtain a 400 W single frequency, single mode and single polarization MOPA system which was pump limited because of the diameter of the fibre inner cladding. A non-PM fibre was also tested with a larger inner cladding diameter which allowed us to obtain more than 500 W output power. With this configuration we observed a degradation of the output beam quality and the output power of the MOPA was SBS limited. In order to increase the output power of the MOPA and reach the kW level we are aiming for, the next development for this type of laser source will need to integrate some SBS suppression techniques
